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ABSTRACT 
 
 Dielectric capacitors traditionally have very high power and short response time but low 
energy storage capability compared to batteries and electrochemical capacitors. For efficient and 
reliable energy storage of intermittent sources such as wind and solar, energy storage devices 
would ideally have both high power and energy densities. The studies of high energy density 
capacitor dielectrics presented in this thesis are part of the effort to move toward this paradigm. 
 Ceramic antiferroelectric compositions such as  
Pb0.99Nb0.02[(Zr0.57Sn0.43)1-yTiy]0.98O3 (PNZST 43/100y/2) show promise as dielectrics in high 
energy density capacitors due to a sharp and highly tunable phase transition from 
antiferroelectric (AFE) to ferroelectric (FE). This transition results in a significant increase in 
polarization at a critical electric field, storing a large amount of electrical energy that can be 
released during unloading if the material undergoes the reverse transition at a relatively high 
electric field. 
 These compositions also display thermally induced phase transitions, which must be 
understood in order to more fully understand how antiferroelectric properties develop. Several 
thermal characterization methods (dielectric constant and loss tangent, storage modulus and 
mechanical loss tangent, thermal expansion, and calorimetry) have been utilized to uncover the 
nature of complex phase transitions in lead-free pseudo-antiferroelectric composition 
(Bi1/2Na1/2)0.93Ba0.07TiO3 (BNT-7BT) and the lead-containing PNZST 43/8/2 composition. These 
experiments reveal the first order nature of the ferroelectric to antiferroelectric and the 
antiferroelectric to multi-cell cubic transitions, and the second order nature for the multi-cell 
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cubic to single-cell cubic transition in PNZST43/8/2. In the BNT–7BT, the dielectric anomalies 
are not accompanied by any structural transitions in the unpoled state. However, after electrical 
poling to a ferroelectric phase with large domains, the thermal depolarization process 
corresponds to a first order structural transition. 
In general, the antiferroelectric to ferroelectric transition is accompanied with a volume 
expansion. Therefore, the critical field may be altered in specimens with varying electrode size, 
where the outer unpoled material exerts radial pressure on the expanding electroded material. 
The impact of electrode coverage on antiferroelectric PNZST43/100y/2 capacitors has been 
investigated at a series of temperatures in a series of compositions. Self-exerted mechanical 
confinement was found to shift the critical electric fields of the transitions to higher values and 
moderately increased the energy storage density. Phase field modeling reveals that, in addition to 
the self-confinement, material defects also contribute to these enhancements. 
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CHAPTER 1: INTRODUCTION 
 
1.1 Thesis Organization 
 This thesis first describes the primary motivation for the research on 
antiferroelectric ceramics that is presented later in the thesis. Some basic capacitive 
energy storage principles are also explained in order to support the claim described in 
the motivation. A reasonably thorough literature review follows. In it, the basic 
principles underlying antiferroelectricity and related properties are described 
methodically with the sole purpose of preparing the reader to understand the concepts 
presented in Chapters 3 and 4. Chapter 3 introduces a paper that my advisor, Dr. Xiaoli 
Tan, and I have recently submitted for peer review. In it, various thermal measurement 
techniques are utilized to characterize the thermally induced phase transitions in two 
promising compositions. Chapter 4 presents a research paper that was published in 2013 
in the Journal of Applied Physics by Jingyi Zhang, Dr. Wei Hong, my advisor Dr. Xiaoli 
Tan, and myself as first author. The paper concludes with a note on future research 
including preliminary results, references, and acknowledgements. 
 
1.2 Motivation 
Efficient, reliable storage of energy is a critical element in society’s continued 
growth and prosperity. This is because methods of energy generation are currently 
rapidly diversifying and shifting towards renewable forms in order to preserve the planet 
and conserve non-renewables. Non-renewable forms of energy such as oil, nuclear, and 
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natural gas store energy inherently and, therefore, can be utilized as needed; however, 
renewable resources such as wind and solar require external energy storage methods in 
order to deliver constant power twenty-four hours a day. Tiny fluctuations in power 
grids cost tens billions of dollars each year, estimated by the U.S. Dept. of Energy as of 
2007 [1], even when much of the infrastructure is more reliable nonrenewable energy. 
Practical, safe energy storage methods that can respond to these fluctuations are 
necessary to combat this waste of resources. 
Also crucial to society’s well-being is sustainable transportation. Large power 
plants will always be more efficient than small combustion engines whether power 
plants use renewable energy sources or not. What this means is that vehicles and other 
forms of transportation should ideally be charged from the power grid. Electrical energy 
storage has yet to prove cost-effective enough for most transportation applications. 
Five main criteria contribute to the effectiveness of re-useable energy storage for 
renewable energy, transportation, and almost any other application. These are 
affordability, cycles to failure, safety, energy density, and power density [2]. There is 
always tradeoff between these factors, but research efforts continually strive to 
maximize all five factors in a single energy storage medium. The clearest example of 
tradeoff is between energy density and power density. Energy density is a measure of 
extractable electrical energy in a medium and is typically expressed in units of joules per 
cubic centimeter in scientific studies of energy storage media and units of watt-hours per 
kilogram in industry. Power density, on the other hand, is a measure of how quickly 
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electrical energy can be extracted from the medium and determines how quickly a device 
can be charged/discharged; its units are watts per kilogram. 
Traditionally, electrical energy has been stored either electro-chemically in 
batteries or electro-statically in capacitors. Batteries have high energy density (~50-200 
Wh/kg) and low power density (~1-1000 W/kg) when compared to electro-static 
capacitors, which typically have energy densities less than 0.1 Wh/kg and power 
densities over 5000 W/kg [1]. The gap between batteries and capacitors has already been 
partially bridged with super-capacitors, which are currently being utilized in power 
conditioning and electric transportation. However, electrochemical capacitors, often 
referred to as supercapacitors or ultracapacitors, still have energy densities of roughly 10 
times less than batteries and take longer to charge and discharge than conventional 
capacitors (~1 second [2]). Electrochemical capacitors also have higher dielectric 
absorption (remanent potential after discharge) than traditional capacitors and a liquid 
electrolyte. These respective properties result in safety and toxicity issues [2]. 
Capacitors that make use of antiferroelectric dielectrics that undergo a reversible 
electric-field induced transition to a ferroelectric state have the potential to store as much 
energy as electrochemical capacitors while maintaining the advantages of traditional 
capacitors. 
 
1.2.1 Non-linear capacitors 
Traditional electrostatic capacitors use a dielectric to store charge between 
electrodes. This dielectric can be any material that functions as a polarizable insulator.  
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While conductors will transport charge over long distances under an electric field, 
charged particles in an insulator will not stray far from their original positions. The 
distance they do travel in an insulator under an electric field  , defined as electric 
potential per unit distance, results in a local separation of positive and negative charges. 
This is called dielectric displacement, and the average displacement per volume of 
material is known as polarization,  . A material’s susceptibility to developing 
polarization under electric field, is known as dielectric permittivity,  , and is typically 
expressed as a dielectric constant,   ,  relative to the permittivity of free space, 
           
    F·m
-1
, such that 
   
 
  
 
 
(1-1) 
 and 
    (    )   (1-2) 
The polarization expressed in Equation 1-2 represents only that which is imparted by the 
dielectric in a capacitor. The relationship between polarization and the dielectric 
displacement D is 
         (1-3) 
In this thesis, however, the difference between   and   is assumed to be negligible 
because    is much greater than one in the compositions concerned. 
Electric field induced polarization results in electrical potential energy. In a 
traditional capacitor, polarization develops linearly (or nearly linearly in the case of 
ferroelectric capacitors under unipolar fields) with respect to electric field, and the 
energy stored per unit volume, or energy density, is 
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(1-4) 
In some dielectrics, however, dielectric constant is a strong function of applied 
electric field. With this assumption, Equation 1-4 becomes the following integral [3]: 
    ∫   
 
 
   ∫   ( )  
 
 
   (1-5) 
This means, oddly enough, that much larger amounts of energy can be stored in a 
dielectric that has a very low dielectric constant, assuming the value is measured at low 
electric field, if a reversible phase change that causes an increase in dielectric constant 
occurs near the maximum applied field. This precise phenomenon occurs in nonpolar 
antiferroelectric materials that switch to a polar ferroelectric phase under applied electric 
field. Figure 1-1 clearly illustrates, based on Equation 1-6, the advantage that 
antiferroelectric nonlinear capacitors for energy storage have over linear capacitors. 
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Figure 1-1: Schematic of energy storage capabilities shaded in blue for traditional linear 
capacitors (a) and antiferroelectric capacitors (b) with corresponding dielectric constant 
illustrations (c) and (d).
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CHAPTER 2: LITERATURE REVIEW 
 
2.1 Ceramics 
The term “ceramic” is derived from the Greek “keramos” for pottery. Ceramic 
science, however, has evolved far beyond simple clay-based products. Ceramics are now 
usually defined much more broadly as any nonmetallic, inorganic, polycrystalline 
material. Amorphous materials with no crystal structure and single crystal materials may 
sometimes be referred to as ceramics, but this thesis will use the more traditional 
polycrystalline definition unless otherwise specified [4]. 
Generally, ceramics are brittle, thermally and electrically insulating, and stable, 
but science has expanded that narrow understanding dramatically. This is perhaps most 
clearly demonstrated by the widely available scissors and knives made from the 
remarkably tough ceramic zirconium oxide, or zirconia, combined with small amounts of 
yttrium oxide. Challenging the “insulating” stereotype are electrically conductive 
ceramics that are ubiquitous in modern displays as transparent conductive coatings and 
thermally conductive diamond. 
More relevant to this thesis are high dielectric constant (2,000 to 20,000) 
ferroelectric multi-layer ceramic capacitors that store electrical energy rather than just 
forbidding electronic conduction and piezoelectric ceramic actuators and sensors that 
convert electrical energy to mechanical and vice versa. In order to understand 
antiferroelectrics, first ferroelectricity, piezoelectricity, and related material properties 
that govern these electroceramics must be understood. 
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2.2 Ferroelectricity and related properties 
2.2.1 Crystal symmetry 
 The highly technologically significant property of ferroelectricity is defined as 
spontaneous, re-orientable polarization exhibited in a material [5]. This phenomenon is 
possible in many crystals, and tools like x-ray diffraction that reveal crystal structures 
and symmetries are useful in discovering ferroelectric materials. 
In traditional (i.e. excluding quasi-crystals) crystallography, the practically 
infinite number of possible crystals can all be divided into 32 point groups 
(consideration of magnetic properties increases this number to 122). The specifics of 
these point groups are not highly relevant to this thesis, but in general they are defined 
by the symmetry operations such as inversion, rotation, and mirror plane that can be 
found in a single crystal. The main criteria for a point group to be ferroelectric are quite 
simple.  
First, the crystallographic point group must not be centrosymmetric. Figure 2-
1(a) shows a two-dimensional equivalent of a centrosymmetric unit-cell; only electric 
field (not mechanical stress) may cause dielectric displacement in this type of crystal. 
All but one of the 21 non-centrosymmetric point group are piezoelectric. In these 
materials, applied normal or shear stress in certain directions will result in polarization 
as illustrated in Figures 2-1(b) and (c). 
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Figure 2-1: Schematic of centrosymmetric crystals (a) and non-centrosymmetric crystals 
(b) that demonstrate piezoelectricity (c). 
 
The second crystallographic criterion for ferroelectricity is that a point group 
must also have a unique axis along which polarization occurs spontaneously without the 
application of stress or electric field. Note that Figure 2-1(c) would actually fulfill the 
crystallographic requirements for ferroelectricity assuming no stress were applied. 
However, though 10 out of the 20 noncentrosymmetric point groups fulfill the “polar” 
requirement, not all polar crystals may exhibit ferroelectricity. To demonstrate the re-
orientability of the spontaneous polarization, the required field (the coercive field) must 
be below the dielectric breakdown strength of the crystal. Therefore, other experimental 
methods (primarily measurement of polarization verses electric field) must be utilized to 
reveal the phenomenon. 
Polar materials do not have a net dipole moment under ordinary circumstances as 
charged particles from outside or within the material will always gather on the surface to 
neutralize any polarization. The polar nature of these crystals is usually only revealed 
through a property called pyroelectricity, which only polar materials possess. 
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Pyroelectricity is the result of thermal expansion causing an increase in the dielectric 
displacement already present in the material. Since neutralization of surface charge is a 
time-dependent process, the material temporarily develops a net polarization [6]. 
It is very important to note that point groups only pertain to single crystals. 
Polycrystalline materials are much more common in technology due to lower cost of 
manufacturing, better mechanical properties, and less environmental sensitivity [6] and 
are the subject of the research that is presented in this thesis. Some properties exhibited 
in single crystals are often negated in polycrystalline materials with randomly oriented 
grains, which have spherical symmetry. Neither piezoelectricity nor pyroelectricity can 
exist in a spherically symmetric material, which is, of course, centrosymmetric. 
Ferroelectricity, however, may exist due to multiple possible polarization directions that 
an applied electric field can align. Once a ferroelectric material is at least partially 
aligned under electric field, the polycrystalline material loses its center of symmetry. 
The new resultant symmetry is polar and conical in nature, which allows for 
piezoelectricity and pyroelectricity.  
 
2.2.2 Perovskite structure 
 There exist many complex crystal structures that exhibit ferroelectricity or 
antiferroelectricity. Luckily, the simplest and the most technologically important one is 
called the perovskite structure, named for the mineral CaTiO3, which always has the 
basic composition of ABX3. Keeping in mind that this thesis is only concerned with 
ionic perovskites, the X-site anion often carries -2 charge. The A-site atom is usually a 
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cation of +2 charge, leaving the B-site cation at +4 charge. Not uncommon, however, are 
crystals with A-site ions at +1 charge and B-site ions at +5 charge; combinations of +3 
and +3 are also possible. The perovskite structure is very versatile in that there are many 
combinations of elements that may be substituted into each site, resulting in many subtle 
variations and solid-solid solutions of perovskite crystals. The perovskite simplest form, 
which actually has the cubic and centrosymmetric m3m symmetry, is represented in 
Figure 2-2. 
 
Figure 2-2: Schematic of cubic perovskite unit cell 
 
In addition to ionic charge, ionic radius,  , contributes significantly to the 
stability of perovskites. Assuming purely ionic bonding, the Goldschmidt tolerance 
factor, 
  
     
√ (     )
 
 
(2-1) 
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is equal to one for a perfect cubic structure. In general, the perovskite structure may be 
stable in different forms anywhere from          . Covalent bonding, defect, and 
solid-solid perovskite solution characteristics may cause deviation from the Goldschmidt 
tolerance rule. These factors, in addition to the case where    , all contribute to 
various distortions in ordinarily cubic perovskite crystals. 
There are several distortion directions possible: <001> (tetragonal), <110> 
(orthorhombic), <111> rhombohedral, and arbitrary <hk0> (monoclinic) or <hkl> 
(triclinic) directions. Each of these distortions result in different numbers of possible 
polarization states where either the A-site ion, B-site ion, or both are no longer stable in 
their respective corner or center positions. This instability is primarily responsible for 
spontaneous polarization, though distortions in perovskites may get even more complex 
with tilt and rotation of BX6 octahedra (these octahedra are often drawn when 
representing perovskite structures) [7]. Adjacent polar perovskite unit cells usually tend 
to align parallel to each other with dipole moments pointing in the same direction 
(ferroelectric crystals), but sometimes, as is the case in antiferroelectric crystals, an 
antiparallel alignment that results in a larger, nonpolar unit cell has the lowest free 
energy. The resultant antiferroelectric crystal can also be thought of as having two 
antiparallel sublattices. Similar to antiferroelectricity is ferrielectricity, where the 
sublattices have different magnitudes of polarization. In Chapter 3, the term 
uncompensated antiferroelectric will be used to categorize a ferrielectric phase where 
the two antiparallel polarization vectors do not cancel [8]. 
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2.2.3 Domains and polarization 
 Within each grain, or crystal, of a ferroelectric ceramic, there exist volumes 
called domains wherein all unit cell polarization vectors are aligned. These form in 
balance to the net polarization that would otherwise be present in a perfect crystal [7]. 
The structure and size of domains are dependent on the type and magnitude of distortion 
present in the perovskite crystal structure and other effects such as residual stress 
induced on cooling. Tetragonal perovskites, for example, have six possible directions for 
polarization in a single crystal (one for each <001> direction in the lattice). This means 
that a single crystal of a tetragonal ferroelectric perovskite may contain domains with 
polarizations in up to six directions [9]. These domains are typically characterized by the 
angle between their polarization directions and that of their nearest neighbors such as the 
180° (antiparallel) and 90° (orthogonal) domains seen in tetragonal ferroelectrics. 180° 
domains exhibit no strain across the domain wall while non-180° domains are formed 
primarily due to stress induced from phase transitions. This inherent strain results in 
ferroelasticity, which means that non-180° domains will exhibit spontaneous strain when 
appropriate stress is applied. This process is called ferroelastic domain switching and 
results in highly mechanically dependent electrical properties [10-15]. 
Application of a sufficiently large electric field causes the domains with 
polarization vectors closest to the electric field vector to grow and overtake the other 
domains. In a typical ferroelectric ceramic, the macroscopic polarization effect of the 
domain growth will look something like Figures 2-3(a) or (b). The shape of the 
polarization verses electric field curve is called a hysteresis loop. The initial poling 
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process involves a gradual transition of domain growth. Once poled, the polarization 
dependence on electric field becomes linear as domains closest aligned to the electric 
field have grown to inhabit entire grains. Maximum polarization, PM, is dependent on 
maximum applied electric field. The remanent polarization, Pr, is typically slightly 
smaller than the spontaneous polarization, Ps, in ceramics, and the difference between Pr 
and Ps reveals how much of the ceramic volume remained poled after electric field 
release. Domain reversal occurs at the coercive field, EC, which is technically the electric 
field required to randomize all remanent polarization. More sluggish reversal results in 
“round” hysteresis (Figure 2-3(a)) and sharper reversal makes a hysteresis “square” 
(Figure 2-3(b)). Domain structure has a lot to do with this shape, but the rate of change 
in electric field during measurement may also affect it [16]. 
 
  
Figure 2-3: Sample ceramic ferroelectric round (a) and square (b) polarization verses 
electric field hystereses [16, 17 modified]. 
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 Some perovskites have such a complex combination of structural distortions that 
the long range order found in ordinary ferroelectric domains (micron-size) cannot exist. 
Instead, nano-size polar (~5 nm) domains, or polar nanoregions, develop in what are 
called relaxors. Polar nanoregions in relaxor ferroelectrics result in a slim-loop 
hysteresis (Figure 2-4(a)) where large domains grown by an electric field are not stable, 
and the nano-size domains immediately reform with field removal [18]. 
 Antiferroelectrics also have domains which may orient partially parallel to 
electric field. This orientation has no effect on polarization, however, due to the 
antiparallel sublattices within each domain. The result is strictly linear polarization, 
making antiferroelectricity difficult to reveal in many materials. The typical way to 
discover antiferroelectricity is through a transformation to a ferroelectric phase under an 
applied electric field, which results in a double hysteresis in polarization similar to that 
in Figure 2-4(b). The electric field required to transform to the ferroelectric phase is 
called the forward critical field, EF, with the reverse critical field, EA, some magnitude 
less than EF due to the energy barrier between the two phases. These phase changes 
occur at both positive and negative polarity of electric fields, thus resulting in double 
hysteresis [8]. 
 
 
16 
 
Figure 2-4: Examples of polarization verses electric field plots for relaxor ferroelectrics 
(a) and antiferroelectrics with transition to a ferroelectric phase (b) [19 modified]. 
 
2.3 Structural phase transitions 
 Temperature, pressure, and electric field may all drive structural, solid-solid 
phase transformations in perovskites. For simplicity, the driving force of temperature is 
used most often in this section. 
Ceramic perovskites generally favor a cubic phase at high temperature before 
cooling brings out the distortions resultant from ionic radii mismatch and bonding 
characteristics. Further cooling typically stabilizes additional structures with differing 
properties. These structural phase transitions may either be first order, second order, or a 
combination of the two. 
 First order transitions involve an instantaneous jump from one phase to another 
and may be described by the Clausius-Clapeyron equation, 
  
  
 
  
  
 
 
(2-2) 
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which relates slopes of the thermodynamic potential curve of phase equilibrium (A-B in 
Figure 2-5) with respect to temperature and pressure with the changes in volume    and 
entropy    that occur during a first order transition [17]. The required thermodynamic 
driving force for a first order transition results in a thermal hysteresis as revealed in 
Figure 2-5, where the heating curve 5-4-6-2-1 has a higher transition temperature 
(overheating) than the cooling curve 1-2-3-4-5 (undercooling). First order transitions 
also manifest themselves through sudden changes in the properties that distinguish the 
two phases and exothermic or endothermic peaks in calorimetric measurements. 
 
 
Figure 2-5: First order transitions between the two thermodynamic potential surfaces of 
different crystal structures [17]. 
 
A very common first order transition in perovskites can be clearly seen in 
dielectric measurements. The Curie point is often cited as the limit for ferroelectricity 
and related properties for perovskite ceramics. This is because as a high symmetry phase 
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(e.g. cubic) approaches the transition to a lower symmetry phase, dielectric constant 
increases as a function of temperature according to the Curie-Weiss law: 
   
 
    
 
 
(2-3) 
  is the Curie constant, and    is the Curie temperature just below the actual transition 
temperature called the Curie point   . The dielectric constant, or permittivity, drops 
sharply at the transition before it reaches infinity as indicated in Figure 2-6 [17]. 
 
 
Figure 2-6: Dielectric permittivity verses temperature for a first order transition that 
obeys the Curie-Weiss law [17 modified]. 
 
In practice, some second order transitioning generally precedes a first order jump 
[17]. Second order transitions in perovskites occur over a wider temperature range and 
are gradual so that small changes in temperature result in small changes in structure. 
19 
These diffusive transitions typically occur between very similar phases, where the lower 
symmetry phase has no symmetry elements not seen in the higher symmetry phase [17]. 
Characteristics of diffusive second order transitions are gradual changes in properties, a 
large frequency dependence of dielectric properties (dielectric dispersion) across the 
transition, and lack of endothermic or exothermic peaks in calorimetric measurements. 
The transformation from a paraelectric perovskite phase to a relaxor phase is 
diffuse but neither first order nor second order as some remanent polarization remains 
above the Curie point. Rather obeying the Curie-Weiss law however, relaxors simply 
have a peak (  ) in dielectric constant. The most telling feature of relaxor behavior is a 
large dielectric dispersion as polar nanoregions undergo heavily time-dependent growth 
under electric field [4]. 
 
      
Figure 2-7: Dielectric measurements of a (a) second order diffuse transition [20 
modified] and (b) a typical relaxor ferroelectric across    [21 modified]. 
20 
2.4 Lead zirconate-based antiferroelectrics 
 Lead zirconate, or PbZrO3 (PZ), and chemically modified variations are among 
the earliest known and most widely studied antiferroelectrics [8,9,16]. This section will 
provide background for the heavily modified PZ-based compositions, 
Pb0.99Nb0.02[(Zr0.57Sn0.43)1-yTiy]0.98O3, that are focused on in the research presented later 
in this thesis. 
 
2.4.1 Structure 
 The PbZrO3 has an orthorhombic structure at room temperature with antipolar 
sublattices where the primary sources of dielectric displacement are Pb
2+
 (A-site) cations 
displaced along the <110>c
*
 directions. One unit cell of PbZrO3 actually consists of eight 
formula units where the lead cation displacements cancel, resulting in the 
centrosymmetric Pbam space group [8]. Figure 2-8 depicts two-dimensionally how the 
two sublattices in white and grey correspond to the outlined unit cell in red. The 
distances to the right of the image depict the distance in terms of number of repeating 
{110}c planes. In crystallography, these apparent changes in structure may be called 
modulations, where periodic modulations such as in those in PbZrO3 are said to be 
commensurate while aperiodic modulations with non-integer number of crystallographic 
lattice parameters are said to be incommensurate. 
 
                                                 
*
 The subscript c denotes the assumption that the orthorhombic structure is very nearly cubic, or 
pseudocubic, and the <110> direction refers to the direction in a pseudocubic structure 
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Figure 2-8: Structural model for PbZrO3 [8]. 
 
 This lead zirconate structure is very fine and therefore stable, making it very 
difficult to switch to a polar phase with electric field. In fact, the critical field for PZ at 
room temperature is greater than its dielectric breakdown strength, and a double 
hysteresis loop may only be seen not far below the Curie point of 233 °C where the 
antiferroelectric phase is less stable. Figure 2-9 illustrates that there is actually also a 
slim temperature range below    where a high temperature ferroelectric rhombohedral 
R3m phase is stable [22]. Above the Curie point, PbZrO3 is a simple cubic perovskite. 
Substituting various ions into the structure tends to result in far larger unit cells. Though 
modulations technically remain commensurate, the effect of random variations in 
modulation size results in incommensurate and pseudo-tetragonal diffraction peaks 
[23,24]. Intuitively, the increase in unit cell size results in a less stable phase that will 
transform to the ferroelectric rhombohedral symmetry, R3c, at a lower field [8]. These 
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additions may also stabilize more complex cubic structures, referred to as “multicell” 
cubic, through a temperature range across the Curie point. This causes dramatic 
deviations from Curie-Weiss behavior in dielectric measurements [8,25,26]. 
 The volume of the phases in the lead zirconate system are very important, as 
pressure has a larger effect on phase transitions involving significant volume change 
[27,28]. Additionally, large volume change between antiferroelectric and electric field 
induced ferroelectric phases gives rise to transducer applications [29]. The primitive
†
 
unit cell volume of the high temperature ferroelectric phase is the largest, followed by 
the low temperature ferroelectric phase. The commensurate antiferroelectric structure 
has the lowest volume, and the incommensurate antiferroelectric phase has the second 
lowest volume. The higher temperature cubic phase volumes lay between the 
antiferroelectric and ferroelectric volumes [8]. 
 Domain structure in orthorhombic lead zirconate consists of micron-sized 60° 
and 90° non-polar “domains", though additionally the sublattice stripes shown in Figure 
2-8 may be thought of as very thin 180° ferroelectric domains. 
                                                 
†
 This refers to the simple perovskite unit cell, allowing direct volume comparison 
between perovskite phases. 
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Figure 2-9: Polarization verses electric field data for pure PbZrO3 at room temperature 
and near the Curie point of 233 °C [30]. 
 
2.4.2 Chemical modifications 
 In order to achieve the ideal antiferroelectric for energy storage applications, the 
critical fields    and    should be at reasonable values through a wide temperature 
range among other qualifications. A-site and B-site substitutions in the PbZrO3 lattice 
allow for fine-tuning of properties. 
 Ti
4+
 is the most common B-site substitution in lead zirconate as values less than 
6 mol% significantly decrease critical fields, beyond which the structure becomes 
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ferroelectric. The PbZrO3-PbTiO3, or PZT, system is also the source of the most 
technologically important piezoelectric composition at the Ti:Zr ration of 48:52. At this 
point, a morphotropic phase boundary where both rhombohedral and tetragonal 
ferroelectric phases are equally favorable exists, and dielectric and piezoelectric 
properties are very large, though there is a lack of complete theoretical understanding as 
to the cause. 
 The B-site substitution Sn
4+
, however, is the key to extending the temperature 
and compositional ranges over which the critical electric field values are reasonably 
stable. The tin cation promotes the incommensurate antiferroelectric phase at over ~20 
mol%, which lowers critical fields. Sn
4+
 also enlarges the antiferroelectric compositional 
range. Over ~70 mol%, however, the material phase separates and is no longer a 
perovskite solid solution. Figure 2-10 displays a ternary phase diagram that displays the 
compositional effects on structure in the lead zirconate stannate titanate system, or 
PZST. 
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Figure 2-10: Phase diagram for PZST system. Ac corresponds to the commensurate 
antiferroelectric Pbam phase, Ai to incommensurate antiferroelectric [31], FR(LT) to 
ferroelectric R3c, FR(HT) to ferroelectric R3m, and FT to ferroelectric tetragonal P4mm 
symmetry [16 modified]. 
 
 Most technologically important antiferroelectric PZ-based ceramics are near the 
AT/FR boundary revealed in Figure 2-10. Small additions (often called doping) of Nb
5+
 
or La
3+
 cause Pb
+2
 vacancies, resulting in often beneficial properties. Two Nb
5+
 B-site 
(Ti
4+
) substitutions or two La
3+
 A-site substitutions result in one Pb
2+
 vacancy rather 
than Zr
4+
 or Ti
4+
 vacancies because lead has large electron shielding (its bonds are fairly 
weak).
‡
 The most important benefit provided by these off-stoichiometric additions is a 
                                                 
‡
 PbO is therefore very volatile at high temperatures such that excess lead oxide must be 
included in processing to ensure correct stoichiometry. 
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significant decrease in conductivity (or decrease in dielectric loss). PbZrO3, as is the case 
with most perovskites, acts as a p-type semiconductor due to unavoidable oxygen 
vacancies, and electron donors such as niobium and lanthanum neutralize the p-type 
conductivity [8]. Nb
5+
 doping of PZST (PNZST) has the additional benefit of stabilizing 
the ferroelectric phase such that electric field induced switching from antiferroelectric to 
ferroelectric is much sharper (i.e. promotes hysteresis squareness), comparable to that of 
single crystal measurements [32]. La
3+
 doping, on the other hand, stabilizes the lower 
volume orthorhombic antiferroelectric phase and rounds the hysteresis, making La
3+
 
modified PZST, or PLZST, more ideal for sensitive transducers [29]. 
 
2.4.3 PNZST  
The research presented in this thesis investigates the lead zirconate-based 
compositions in the Pb0.99Nb0.02[(Zr0.57Sn0.43)1-yTiy]0.98O3 (PNZST43/100y/2) system. He 
H. et al. [31] made significant steps in the investigation of this compositional system. 
His work reveals how adjustments in Ti
4+
 mole fraction allow for highly tunable 
properties as indicated by the dielectric constant measurements and polarization verses 
electric field measurements in Figures 2-11 and 2-12 respectively. 
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Figure 2-11: Dielectric constant measurements at 1 kHz on cooling at 3 °C/min for 
varying PNZST 43/100y/2 compositions [31]. 
 
Figure 2-12: Room temperature polarization verses electric field measurements without 
initial poling step for varying PNZST 43/100y/2 compositions [31]. 
 
 Figure 2-11b reveals the development of the multicell cubic phase and 
incommensurate antiferroelectric phase as Ti
4+
 mol fraction is decreased from y = 0.12 
to y = 0.10. While the PNZST 43/12/2 ceramic more closely displays Curie-Weiss 
behavior, switching directly from simple cubic to rhombohedral ferroelectric structures 
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at ~127 °, the multicell cubic structure smoothes the transition in the PNZST 43/10/2 
ceramic. Additionally, the shoulder near 75 °C in the 43/10/2 composition represents the 
transition from the antiferroelectric phase to ferroelectric R3c. At lower y-values, this 
transition moves to lower temperatures, which can be more easily seen in the dielectric 
loss (    ) as a significant increase from the antiferroelectric phase to the ferroelectric 
phase. Figure 2-13 is a phase diagram derived from the dielectric measurements of 
PNZST 43/100y/2. It is very important to note that these measurements were taken on 
sample cooling. The thermal hysteresis for the first order antiferroelectric to ferroelectric 
transition is on the order of 50 °C. This means that compositions near 43/8/2 can be 
made to be metastable ferroelectric. The polarization measurement in Figure 2-12b 
reveals that once transformed to the ferroelectric phase, only sufficient heating will 
transform the material back to the antiferroelectric phase [31]. It’s also important to note 
that the compositional differences studied in this system are very small, so variation in 
compositionally based measurements is common between studies. 
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Figure 2-13:  Phase diagram of composition verses temperature for PNZST 43/100y/2 
ceramics derived from dielectric measurements on cooling [27 modified]. 
 
Tan X et al. [27] revealed that the axial (parallel to electric field) strain,    , of 
0.189% and transverse radial (perpendicular to electric field) strain,    , of 0.075% that 
develops in PNZST 43/6/2 results in a strong pressure dependence of the electric field 
induced antiferroelectric to ferroelectric phase transition [27]. The results of this 
dependence, shown for radial stress in Figure 2-14, are the motivation for the research 
presented in Chapter 4. 
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Figure 2-14: Polarization verses electric field measurements of PNZST 43/6/2 with 
various radial prestresses [27]. 
 
2.5 Lead-free electroceramics 
 Volatile PbO that escapes during the processing of lead-containing ceramics is a 
hazard to the environment and human health, and government regulations will likely 
threaten restriction of the use of lead in ceramic electronic components in the future [7]. 
It is therefore important to seek out electroceramics that do not contain lead or any other 
hazardous elements. Most of the research in this area for the replacement of Pb(Zr,Ti)O3 
piezoelectric ceramics, as these are quite common in technology [7]. The generally 
accepted method for searching for lead free compositions with good piezoelectric and 
dielectric properties is to look for combinations of ferroelectric perovskites where a 
morphotropic phase boundary, or MPB, is present, such as that in PZT. Three of the 
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more notable lead free piezoelectrics are the orthorhombic K1/2Na1/2NbO3, rhombohedral 
Bi1/2Na1/2Ti, and tetragonal BaTiO3 compositions. A number of MPB’s, displaying peaks 
in piezoelectric properties, have been uncovered between these three compositions [7]. 
 
2.5.1 BNT-BT 
It is by coincidence that recent TEM studies by Ma C. et al. have discovered an 
antiferroelectric phase at room temperature in the (1-x)(Bi1/2Na1/2)TiO3 – xBaTiO3 
system (BNT-BT) [33,34]. The phase diagram in Figure 2-15 was generated from these 
results. 
 
 
Figure 2-15: Phase diagram of (1-x)(Bi1/2Na1/2)TiO3 – xBaTiO3 for small values of x 
[34]. 
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A previous phase diagram based on dielectric measurements of poled BNT-BT 
shows only a morphotropic phase boundary between two ferroelectric phases at below 
100 °C and 6 mol% BaTiO3 [35]. This is because the antiferroelectric phase (actually an 
uncompensated relaxor antiferroelectric [8]) undergoes an irreversible transition to the 
ferroelectric phase on poling. Chapter 3 presents research that seeks to further 
characterize the thermally induced transitions in BNT-BT. 
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CHAPTER 3: THERMAL ANALYSIS OF PHASE TRANSITIONS IN 
PEROVSKITE ELECTROCERAMICS 
 
S. E. Young, H. Z. Guo, C. Ma, M. R. Kessler, and X. Tan 
Department of Materials Science and Engineering, Iowa State University, Ames, IA 
50011, USA 
(Submitted to Journal of Thermal Analysis and Calorimetry for publishing) 
 
3.1 Abstract 
Perovskite oxide ceramics have found wide applications in energy storage 
capacitors, electromechanical transducers, and infrared imaging devices due to their 
unique dielectric, piezoelectric, pyroelectric, and ferroelectric properties. These 
functional properties are intimately related to the complex displacive phase transitions 
that readily occur. In this study, these solid-solid phase transitions are characterized with 
dielectric measurements, dynamic mechanical analysis, thermomechanical analysis, and 
differential scanning calorimetry in an antiferroelectric lead-containing composition, 
Pb0.99Nb0.02[(Zr0.57Sn0.43)0.92Ti0.08]0.98O3, and in a relaxor ferrielectric lead-free 
composition, (Bi1/2Na1/2)0.93Ba0.07TiO3. The (Bi1/2Na1/2)0.93Ba0.07TiO3 ceramic develops 
strong piezoelectricity through electric field-induced phase transitions during the poling 
process. The combined thermal analysis techniques clearly reveal the differences in 
unpoled and poled ceramics.  
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3.2 Introduction 
The demand for clean and renewable energy sources such as wind and solar 
requires efficient energy storage to ensure a consistent electrical energy supply. As 
electrical capacitors store energy directly as electrical charge, their efficiency and power 
density are ideal for this application; however, a typical electrical capacitor’s energy 
storage density is far too low to allow practical, large scale implementation [1]. Lead-
based antiferroelectrics that demonstrate a remarkably high energy storage density have 
been developed in the effort to bridge the gap between power density and energy density 
[3,36,37]. This is achieved through a reversible electrically induced phase transition 
between an antiferroelectric phase and a ferroelectric phase, resulting in the sudden 
development of high electrical polarization at the critical field of the phase transition 
[8,23-25,31,38,39]. During unloading of the capacitor, a large amount of electrical 
energy is released as the dielectric material reverts to an antiferroelectric state [3,36,37]. 
n simple terms, the dielectric properties of these materials are nonlinear with changing 
electric fields, and the utilization of nonlinear dielectrics in capacitors has the potential 
to create very high energy densities as long as sufficiently high electric fields are applied 
[3]. Of all the antiferroelectric ceramics the most widely studied compositions are lead 
zirconate titanate stannate doped with minor amounts of niobium or lanthanum [8, 23-
25,31,38,39]. In particular, Pb0.99Nb0.02[(Zr0.57Sn0.43)1-yTiy]0.98O3 (PNZST43/100y/2) 
shows promise for applications in high energy density capacitors because its 
antiferroelectric-ferroelectric transition can be easily manipulated and tuned [28,39].  
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Initially, (Bi1/2Na1/2)1-yBayTiO3 (BNT–100yBT) was designed as a lead-free 
piezoelectric composition [7,35]. It was speculated that these compositions exhibit an 
antiferroelectric state above the so-called thermal depolarization temperature [25] and 
their utilization in high-temperature capacitor applications was explored [26]. However, 
recently it was clarified that this antiferroelectric phase is actually a relaxor ferrielectric 
phase [8,33,40]. The electrical poling process for the development of piezoelectricity not 
only aligns the domain polarization but also triggers complicated irreversible phase 
transitions [8,41].  
Thermal analysis techniques were used to characterize various phase transitions 
in lead-containing and lead-free antiferroelectric and ferroelectric perovskites [16,42-
46]. However, most of the previous work used only one particular technique. In the 
present study, a set of techniques, including dynamic mechanical analysis (DMA), zero-
force thermomechanical analysis (TMA), and differential scanning calorimetry (DSC), 
were used to characterize the thermally induced phase transitions in ceramics of 
PNZST43/8/2, unpoled, and poled BNT–7BT. In addition, dielectric measurements and 
in-situ transmission electron microscopy (TEM) experiments were performed to 
complement and support the results of these thermal analyses. 
 
3.3 Experimental 
3.3.1 Materials 
The antiferroelectric composition Pb0.99Nb0.02[(Zr0.57Sn0.43)0.92Ti0.08]0.98O3 was 
synthesized using the solid state reaction method. Powders of PbO, ZrO2, SnO2, TiO2, 
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and Nb2O5 with purity levels exceeding 99.9% were batched with the addition of an 
extra 5 wt.% PbO to make up for the evaporation loss of lead during high temperature 
sintering. The batched powder was vibratory milled for 7 hours with zirconia media in 
ethanol, dried, pressed, and calcined at 935 °C for 4 hours. To ensure composition 
homogeneity, the described calcination process was repeated one more time. After 
milling for 15 hours, dried powder was uniaxially pressed with acrylic binder, and the 
resulting pellet was surrounded in protective powder of similar composition and sintered 
at 1320 °C using a double crucible configuration. X-ray diffraction was used to ensure 
phase-purity of the sintered pellet. All reported measurements were performed on the 
same pellet.  
(Bi1/2Na1/2)0.93Ba0.07TiO3 ceramic was also prepared with conventional solid state 
reaction using Bi2O3, Na2CO3, BaCO3, and TiO2 powders with purity levels exceeding 
99.9%. Na2CO3 was baked at 200 °C for 15 hours to remove any moisture before 
batching. Calcination was carried out at 800 °C for 2 hours. After additional vibratory 
milling and drying, the powder was uniaxially pressed with polyvinyl alcohol binder and 
sintered at 1150 °C for 5 hours. X-ray diffraction was performed on the resultant ceramic 
to examine phase purity. Several BNT–7BT pellets were sintered because the planned 
experiments could be performed on unpoled and electrically poled samples. Electrical 
poling was conducted at room temperature under a DC field of 45 kV/cm for 15 minutes.  
In addition to the compositions of interest, a pure BaTiO3 sample was also 
prepared with BaCO3 and TiO2 powders as a means to calibrate the results between each 
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of thermal analysis method. Calcination was conducted at 1100 °C for 6 hours and 
sintering at 1350 °C for 3 hours. 
 
3.3.2 Dielectric, TEM, and thermal characterization 
Dielectric constant and dielectric loss tangent of each composition were 
measured at 1 kHz, 10 kHz, and 100 kHz during heating from room temperature at a rate 
of 3 °C/min. The properties of the PNZST43/8/2 sample were measured in a temperature 
chamber with an LCZ meter (Model 3322, Keithley). A high temperature tube furnace 
with an LCR meter (Model 4284A, Hewlett Packard) was used to measure the BNT–
7BT samples. The BaTiO3 sample was measured with both setups.  
To reveal the electric field-induced phase transition in BNT–7BT, the 
polarization vs. electric field hysteresis loop was recorded during the very first triangular 
wave cycle of field with a standardized ferroelectric test system (RT66A, Radiant 
Technologies). This phase transition was also visualized using the in-situ technique with 
a Phillips CM-30 microscope operated at 300 kV. Experimental details for the in-situ 
observation can be found in previous reports [47,48].  
Prior to each thermal analysis experiment with PNZST43/8/2, the sample was 
cooled with dry ice for several hours to stabilize the ferroelectric phase. DMA 
measurement was carried out with a PerkinElmer DMA 7 at a 3 °C/min heating rate, 
using the 3-point bend mode with a 10 mm span, a 720 mN static force, and a 1 Hz 650 
mN dynamic force. The sample was cut and polished to approx. 12 mm length, 4 mm 
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width, and 0.5 mm thickness. For poled BNT–7BT sample, the poling field was applied 
along the thickness direction prior to the test.  
Thermomechanical analysis was performed with a Q400 TMA from TA 
Instruments using a 5 mN static force and a 3 °C/min heating rate on each sample. For 
these measurements, samples were at least 6 mm tall, and the BNT–7BT sample was 
poled perpendicular to its height. 
Finally, each sample was broken into ~20 mg pieces to perform DSC 
measurements (Model Q2000, TA Instruments) with a heating rate of 10 °C/min. 
 
3.4 Results and discussion 
3.4.1 PNZST 43/8/2 
 The results of the dielectric analysis of PNZST 43/8/2 are displayed in Figure 3-
1(a). According to previous studies [23,24,31,38], the anomalies on the 1 kHz dielectric 
constant curve at 51, 140, and 172 °C mark the phase transitions from ferroelectric to 
antiferroelectric, to a multi-cell cubic paraelectric, and then to a single-cell cubic 
paraelectric phase, respectively. Dielectric loss (tan δ) drops sharply at the ferroelectric 
to antiferroelectric transition (~51 °C), but shows no apparent changes at other 
transitions. The ferroelectric-antiferroelectric transition accompanies a change in 
volume, indicating a first order displacive transition [25]. The antiferroelectric to multi-
cell cubic and subsequently to single-cell cubic transition was thought to be two second 
order transitions [16]. In the base compound PbZrO3, the antiferroelectric phase directly 
transforms to the paraelectric phase during heating. Incorporating Sn, Ti, and Nb in the 
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chemical composition stabilizes an intermediate multi-cell cubic phase and replaces this 
first order transition with two second order ones [16].  
Dynamic mechanical analysis of PNZST 43/8/2, shown in Figure 3-1(b), reveals 
what appears to be a negative double-peak in storage modulus around the ferroelectric to 
antiferroelectric transition at 48 °C and 51 °C. From there, the ceramic experiences a 
dramatic elastic softening. When approaching the antiferroelectric to multi-cell cubic 
phase transition; its storage modulus drops from ~105 GPa to the lowest value of ~65 
GPa at 137 °C. This is followed by a rapid increase in storage modulus to ~90 GPa at 
153 °C, at which point it levels off and drops slightly until it reaches the multi-cell cubic 
to single-cell cubic transition at 166 °C and starts increasing again until it reaches ~115 
GPa at 200 °C. The mechanical loss tangent is close to zero in the ferroelectric phase, 
but starts to increase at 45 °C, peaking at about 0.06 near 52 °C and then dropping 
slightly. The loss tangent peaks again at 0.07 at 128 °C and then drops gradually to about 
0.02 at 149 °C, at which point it increases again and peaks at 163 °C. Above this 
temperature, the mechanical loss drops again, reaching nearly zero at 180 °C, remaining 
so in the single-cell cubic paraelectric phase. The mechanical loss tangent data indicates 
that there is a very limited ferroelastic activity in the ferroelectric phase, and the single-
cell cubic paraelectric phase behaves in an ideal elastic manner. The strong anelastic 
behavior in the antiferroelectric phase may have resulted from the large antiferroelectric 
domains in the microstructure that are also of ferroelastic nature [8,24].  
Zero-force thermomechanical analysis of PNZST 43/8/2, shown in Figure 3-1(c), 
reveals a large shrinkage of about 900 ppm (0.09%) when the ferroelectric phase 
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transforms into the antiferroelectric phase. This corresponds to a 0.27% volume 
shrinkage; and its magnitude is comparable to that of volume expansion during the 
antiferroelectric to ferroelectric phase transition induced by the electric field [38]. The 
shrinkage began at 45 °C, its rate peaking at 48.5 °C, and leveling off at 54 °C. The two 
phase transitions at higher temperatures are just barely revealed by the TMA 
measurement in the form of a small increase in thermal expansion coefficient in the 
multi-cell cubic phase.  
Differential scanning calorimetry of PNZST 43/8/2, shown in Figure 3-1(d), 
produced similar results to previous experiments [44], revealing endothermic signals at 
each phase transition. The onset of the ferroelectric to antiferroelectric transition in this 
experiment is seen at 56 °C with a peak at 60 °C. The onset and peak temperatures for 
the antiferroelectric to multi-cell cubic transition are seen at 130 °C and 144 °C, 
respectively. Only a broad bump with a peak at 173.5 °C was observed at the multi-cell 
to single-cell cubic transition.  
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Figure 3-1: Thermally induced phase transitions in polycrystalline PNZST 43/8/2 
ceramic revealed by dielectric (a), DMA (b), TMA (c), and DSC (d) measurements. 
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The apparent discrepancy in the transition temperatures determined by DSC with 
respect to the other measurements may have been the result of the faster heating rate (10 
°C/min vs. 3 °C/min) and/or an inaccuracy in the temperature calibration [49]. It should 
be noted that measurement differences between the different experimental techniques are 
quite common [45,46] and may also be related to the intrinsic physics of the transition 
[50]. The results shown in Figure 3-1 confirm that the antiferroelectric-ferroelectric 
phase transition is of first order in nature indicated by the abrupt decrease in dielectric 
loss tangent, sudden contraction in volume, and the presence of an appreciable DSC 
peak. The other two transitions were previously thought to be second order because of 
the gradual change in volume [16]. However, the present results seem to suggest that the 
antiferroelectric to multi-cell cubic transition is a first order transition indicated by its 
significant elastic softening and extremely sharp DSC peak.  
 
3.4.2 BNT-7BT 
It is known that BNT–7BT ceramics experience electric field induced phase 
transitions during poling [8,41,51]. This transition is revealed in Figure 3-2 by the first 
cycle polarization vs. electric field hysteresis loop measurement. The inflection point on 
the loading segment in the first quadrant marks the relaxor ferrielectric to ferroelectric 
transition. The transition is irreversible at room temperature and the ceramic sample does 
not return to the relaxor phase with decreasing field. The in-situ TEM experiment shown 
in Figure 3-3 further indicates the changes in crystal symmetry at the transition. In the 
unpoled state, BNT–7BT crystalizes in the P4bm symmetry with ferrielectric 
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nanodomains, as shown in Figure 3-3(a). Under the applied poling electric field, the 
grain in focus transforms to the P4mm symmetry, accompanied by the formation of large 
lamellar ferroelectric domains. The dramatic change in domain structure during 
electrical poling warrants a comparative study on unpoled and poled samples using 
thermal analysis techniques. 
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Figure 3-2: The polarization vs. electric field relation at room temperature measured at 4 
Hz for the first cycle for unpoled BNT–7BT ceramic. Arrows illustrate the flow of time 
during the measurement. 
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Figure 3-3: Electric field in-situ TEM results of a representative grain in BNT–7BT 
examined along the [112] zone-axis. Bright-field micrographs prior to application of 
poling field (a) and under a poling electric field (b). The direction of the poling field is 
indicated by the bright arrow in (b). The selected area diffraction patterns are shown in 
the insets. The presence of the 1/2{ooe} superlattice spots (one is highlighted by the 
bright circle in (a)) characterizes the P4bm symmetry. 
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The dielectric measurement of unpoled BNT–7BT shown in Figure 3-4(a) 
corresponds well to previous results [33]. The dielectric constant and loss tangent show a 
strong frequency dispersion in the P4bm phase with nanodomains. The frequency 
dispersion diminishes at approx. 180 °C. The peak at 262 °C, identified as Tm [7,35,40], 
and does not correspond to any structural phase transition. The dielectric loss tangent 
starts to decrease at 100 
°
C and reaches its minimum value at approx. 180 °C. No 
anomaly is noticed at Tm in the loss tangent curve. The dielectric measurement of poled 
BNT–7BT in Figure 3-5(a) shows a much reduced frequency dispersion up to 100 °C. 
This temperature is referred to as the thermal depolarization temperature, Td, in literature 
[50] and marks the transition of the poling-induced ferroelectric phase to the relaxor 
phase. The dielectric loss tangent also peaks at this temperature. Beyond Td, both poled 
and unpoled ceramics exhibit very similar dielectric behavior.  
Both unpoled and poled BNT–7BT ceramics show a valley in storage modulus, 
see Figure 3-4(b) and 3-5(b). For the unpoled ceramic, a broad valley occurs at 132 °C, 
accompanied by very little discernible change in mechanical loss tangent. In contrast, the 
poled ceramic’s storage modulus shows a much sharper valley at 121 °C, accompanied 
by an obvious peak in mechanical loss tangent. The peak onset for the mechanical loss 
tangent lines up closely with the Td at near 100 °C. The mechanical loss tangent has a 
value close to zero throughout the entire measurement temperature range for the unpoled 
ceramic, while it apparently exhibits higher values below the Td peak for the poled 
ceramic, possibly attributable to the large ferroelectric domains in the poled ceramic.  
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Zero-force TMA reveals no visible change in the thermal expansion (~10 
ppm/°C) of unpoled BNT–7BT from 25 °C to 400 °C (Figure 3-4(c)). For the poled 
ceramic, Figure 3-5(c) shows that the induced P4mm ferroelectric phase has a larger, 
varying thermal expansion coefficient from 25 °C to 100 °C. Near the Td at 104 °C, the 
already negative slope of the thermal expansion coefficient drops further until it reaches 
nearly 0 ppm/°C at 110 °C, at which point it increases again to level off near 10 ppm/°C 
at 125 °C.  
Differential scanning calorimetry results show no significant features in unpoled 
BNT–7BT, see Figure 3-4(d). The heat flow for poled ceramic exhibits an abrupt change 
in slope at 87 °C, and an endothermic peak at 128 °C with an onset at 120 °C.  
These results seem to suggest that unpoled BNT–7BT does not experience any structural 
phase transition in the temperature range measured (25 ~ 400 °C) because of its highly 
disordered nature. The anomalies in dielectric measurements may be associated with 
strain glass transitions [52]. When BNT–7B is poled, large ferroelectric domains are 
formed. The phase transition for the thermal disruption of these large domains at Td 
appears to be a first order transition. 
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Figure 3-4: Temperature scan of dielectric property (a), storage modulus (b), thermal 
expansion (c), and heat flow (d) for unpoled BNT–7BT. 
48 
0
2000
4000
6000
 
 
D
ie
le
c
tr
ic
 C
o
n
s
ta
n
t
(a)
0.0
0.1
0.2
 1 kHz
 10 kHz
 100 kHz  
L
o
s
s
 T
a
n
g
e
n
t
70
80
90
100
(b)
 
S
to
ra
g
e
 M
o
d
u
lu
s
 (
G
P
a
)
0.02
0.04
0.06
0.08
M
e
c
h
a
n
ic
a
l 
L
o
s
s
 T
a
n
g
e
n
t
0
2000
4000 (c)
 
E
x
p
a
n
s
io
n
 (
p
p
m
)
0
20
40
60
80
 E
x
p
a
n
s
io
n
 C
o
e
ff
. 
(p
p
m
/°
C
)
25 100 200 300 400
-0.08
-0.07
(d)
 
Temperature (°C)
H
e
a
t 
F
lo
w
 (
W
/g
)
E
n
d
o
th
e
rm
ic
 
Figure 3-5: Temperature scan of dielectric property (a), storage modulus (b), thermal 
expansion (c), and heat flow (d) for electrically poled BNT–7BT.  
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3.5 Conclusions 
The combined thermal scan experiments determining dielectric constant and loss 
tangent, storage modulus and mechanical loss tangent, thermal expansion, and heat flow 
are very powerful in uncovering the nature of the complex phase transitions in 
perovskite oxides. Particularly, these experiments confirmed the first order nature of the 
ferroelectric to antiferroelectric and the antiferroelectric to multi-cell cubic transitions, 
and the second order nature for the multi-cell cubic to single-cell cubic transition in 
PNZST43/8/2. In the lead-free BNT–7BT, the dielectric anomalies are not accompanied 
by any structural transitions in the unpoled state. However, after electrical poling to a 
ferroelectric phase with large domains, the thermal depolarization process corresponds to 
a first order structural transition. 
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CHAPTER 4: MECHANICAL SELF-CONFINEMENT TO ENHANCE ENERGY 
STORAGE DENSITY OF ANTIFERROELECTRIC CAPACITORS 
 
S.E. Young, J.Y. Zhang, W. Hong, and X. Tan 
Department of Materials Science and Engineering, Iowa State University, Ames, IA 
50011, USA 
(Published in Journal of Applied Physics Feb. 2013) [28] 
 
4.1 Abstract 
 The energy storage density of electrical capacitors utilizing antiferroelectric 
compositions Pb0.99Nb0.02[(Zr0.57Sn0.43)1-yTiy]0.98O3 as dielectrics is measured at a series 
of temperatures in a series of dielectric compositions with and without self-confinement. 
Under the applied electric field of 70 kV/cm, a maximum energy density of 1.3 J/cm
3
 is 
achieved. The mechanical self-confinement was introduced by partially electroding the 
central portion of the dielectric ceramic disk. A phase-field model was developed and it 
confirms the presence of compressive stresses ~30 MPa in the electroded portion of the 
dielectric disk and the contribution to the increased energy density from the mechanical 
confinement. 
 
4.2 Introduction 
The intermittent nature of renewable energy sources, such as wind and solar, 
requires efficient electrical energy storage to ensure around-the-clock delivery without 
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fluctuations. Electrical capacitors display an extremely high powder density but their 
energy storage density needs further improvement [1]. Antiferroelectric ceramics are 
promising candidates for dielectrics in high energy density electrical capacitors due to 
the reversible electric field-induced antiferroelectric-to-ferroelectric phase transition 
[3,8,10-12,25,32,37-39]. This first order transition is manifested by the abrupt 
development of large electrical polarization and dimension expansion in both 
longitudinal and transverse directions in PbZrO3-based perovskite compositions [8, 10-
12,25,32,39]. The associated volume change makes the phase transition sensitive to 
hydrostatic pressure [12] and the converse piezoelectric strain in the induced 
ferroelectric phase [39]. Recently, the critical electric fields, EF for the antiferroelectric-
to-ferroelectric phase transition and EA for the reverse transition, have been shown 
experimentally to be shifted to higher levels by uniaxial as well as radial compressive 
stresses in the ceramic composition system Pb0.99Nb0.02[(Zr0.57Sn0.43)1-yTiy]0.98O3 with y = 
0.06 [27]. The increase in EF and EA corresponds to an increase in the energy storage 
density in antiferroelectric capacitors [3,27]. Therefore, mechanical confinements in the 
form of compressive stresses are beneficial where the energy density of antiferroelectric 
dielectrics is concerned. However, the apparatuses that generate the mechanical stresses 
are too complicated to be directly implemented in real energy storage capacitors [12-
14,27]. In this study, a simple scheme, termed self-confinement, is proposed and tested 
for applying compressive stresses and increasing energy storage density.  
The mechanical self-confinement is realized through partially electroding the 
antiferroelectric dielectric in the parallel plate capacitor, as schematically shown in 
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Figure 4-1. During the charging of the capacitor, only the central portion of the dielectric 
beneath the electrode undergoes the antiferroelectric-to-ferroelectric phase transition. 
The volume expansion accompanying the transition triggers the un-electroded ring to 
apply compressive stresses to the central portion of the disk; hence, the antiferroelectric 
ceramic is mechanically self-confined. For the antiferroelectric compositions involved in 
the present study, if a Young’s modulus of 100 GPa and a radial strain of 0.06% are 
assumed [15,39,40], the self-confinement is expected to produce radial compressive 
stresses on the order of 60 MPa in the central electroded portion of the disk. 
 
Figure 4-1: Schematic diagram to illustrate the self-confinement mechanism. (a) An 
antiferroelectric dielectric with full electrodes (denoted as 1.0A specimens), (b) the self-
confinement specimen with half-area electroded (denoted as 0.5A specimens). The 
circular silver film electrode is concentric with the circular antiferroelectric disk. 
 
4.3 Experimental Procedure 
 Antiferroelectric compositions Pb0.99Nb0.02[(Zr0.57Sn0.43)1-yTiy]0.98O3 (abbreviated 
as PNZST 43/100y/2) with y = 0.050, 0.055, 0.061, and 0.064 were prepared to verify 
the proposed self-confinement scheme. After batching with 5% excess PbO, powders 
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were calcined twice at 935 °C for 4 hours. Calcined powders with acrylic binder were 
uniaxially pressed into disks and the binder was burned out at 450 °C for 4 hours. The 
disks were then cold-isostatically pressed at 414 MPa for 2 minutes. Sintering was 
completed at 1335 °C for 4 hours using a double crucible configuration with protective 
powder. The grain size of sintered ceramics was examined with scanning electron 
microscopy and density was measured with the Archimedes method in toluene. 
After sintering, the diameter of the pellets was ~10.9 mm. The two major faces were 
ground and polished to reach a final thickness ~0.5 mm. X-ray diffraction was 
performed to verify the phase-purity of the sintered pellets.  Silver films were sputtered 
onto the polished faces as electrodes and dielectric constant and loss tangent were 
measured during heating at 3 °C per minute with an LCR meter (Model 4284A, Hewlett 
Packard). Polarization versus electric field hysteresis loops were recorded at 4 Hz under 
the peak field of 70 kV/cm on all four antiferroelectric compositions. Each composition 
was first tested with full electrode, i.e. the 1.0A specimens (Figure 4-1), at 25 °C, 50 °C, 
75 °C, 100 °C, 125 °C, and 150 °C. Then the silver electrodes were chemically removed 
with nitric acid and new electrodes covering half-area of the dielectric were sputtered. A 
special mask was utilized during the sputtering to ensure the electrodes on the two faces 
were centered and aligned. The same antiferroelectric disk with half-area electroded (the 
0.5A specimen, Figure 4-1) was then tested again under the 70 kV/cm peak field at the 
six temperatures. The electrical energy storage density at each test condition was 
calculated by integrating the discharge curve against the polarization axis. 
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4.4 Results 
 All sintered samples were measured to be ~98% dense. Grain sizes were 
calculated with the line intercept method. It was found that increasing Ti content 
increased the grain size: 5.7 µm for PNZST 43/5.0/2 while 8.2 µm for PNZST 43/6.4/2. 
X-ray diffraction analysis confirms that all four compositions are phase pure with a 
pseudotetragonal perovskite structure (Figure 4-2). The inset in Figure 4-2 reveals the 
splitting of the (200) and the (002) peak and also indicates smaller lattice parameters in 
compositions with a higher Ti content. These observations are consistent with previous 
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Figure 4-2: X-ray diffraction spectra of as-sintered PNZST 43/5.0/2 and 43/6.4/2. The 
tetragonal splitting of the {200}c peaks is displayed in the inset. 
 
The dielectric properties were measured on fully electroded disk specimens 
during heating and Figure 3 displays the dielectric constant data at 10 kHz. According to 
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previous studies [16,26,31,38], all four compositions are in the antiferroelectric state 
from room temperature up to ~125 
o
C, in the multicell cubic paraelectric state between 
~125 and ~170 °C, and in the cubic paraelectric state above ~170 °C.   
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Figure 4-3: Dielectric constant measured during heating at 3 °C per minute at 10 kHz for 
all tested compositions. 
 
Polarization versus electric field hysteresis loops were measured on both 1.0A 
specimens (fully electroded) and 0.5A specimens (half electroded) of all four 
compositions with a peak field of 70 kV/cm at a series of temperatures. Figure 4 displays 
the data from PNZST 43/6.4/2 at 25 and 75 °C. Consistent with the previous report [38], 
increasing temperature shifts both critical electric fields EF and EA to higher values. It is 
also observed that the antiferroelectric dielectric becomes less hysteretic at higher 
temperatures.  
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Figure 4-4: Polarization versus electric field hysteresis loops from the 1.0A and 0.5A 
specimens of PNZST 43/6.4/2 at 25 and 75 
o
C. 
 
The comparison of the curves from 1.0A and 0.5A specimens at the same 
temperature verifies the self-confinement effect. The self-confinement specimens (0.5A 
specimens) display moderately increased EF and EA, and slightly increased polarization 
in the induced ferroelectric phase. The phase transitions (both forward and reverse) 
appear to be more abrupt in the 0.5A specimens. The critical field EF and the 
polarization at the peak electric field of all measured specimens are shown in Figure 5. 
All the compositions are in the paraelectric state at 125 and 150 °C and the applied peak 
field (70 kV/cm) was not sufficient to induce the ferroelectric phase. Therefore, EF is not 
plotted in Figure 4-5(a). It is clear that self-confinement has an impact on EF, especially 
in high Ti content compositions (PNZST 43/6.1/2 and 43/6.4/2) at low temperatures. For 
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example, at 25 
o
C in PNZST 43/6.4/2, EF is 25.0 kV/cm in the 1.0A specimen and 28.7 
kV/cm in the self-confinement specimen, a 14.6% increase. Self-confinement appears to 
enhance the max polarization only slightly and the enhancement diminishes as 
temperature increases. For PNZST 43/5.0/2, the electrical polarization at 70 kV/cm is 
31.5 C/cm2 in the 1.0A specimen and 33.4 C/cm2 in the 0.5A specimen. This 
enhancement is believed to result from the fringe effect.   
 
 
25
30
35
40
45
50
55
25 50 75 100 125 150
10
20
30
(b)
43/6.4/2 (0.5A)
43/6.4/2 (1.0A)
43/6.1/2 (0.5A)
43/6.1/2 (1.0A)
 
 
 
C
ri
ti
c
a
l 
F
ie
ld
, 
E
F
 (
k
V
/c
m
)
43/5.0/2 (0.5A)
43/5.0/2 (1.0A)
43/5.5/2 (0.5A)
43/5.5/2 (1.0A)
(a)
 43/6.4/2 (0.5A)
 43/6.4/2 (1.0A)
 43/5.0/2 (0.5A)
 43/5.0/2 (1.0A)
 
 
M
a
x
 P
o
la
ri
z
a
ti
o
n
 (
µ
C
/c
m
2
)
Temperature (°C)
 
58 
Figure 4-5: The critical field EF and the maximum polarization (the polarization at 70 
kV/cm) extracted from the hysteresis loop data. 
 
From the hysteresis loop data, energy storage density and efficiency can be 
further extracted (Figure 4-6). Energy storage density is calculated by integrating the 
unloading curve (discharge curve) against the polarization axis and is indicative of the 
amount of usable energy. Efficiency is defined as the ratio of the released energy to the 
electrostatic energy charged to the capacitor and reflects the difference between EF and 
EA. Generally, energy density is higher in compositions with lower Ti content in the 
antiferroelectric phase. It increases as temperature approaches the paraelectric transition 
temperature. In the multicell paraelectric phase under the peak field of 70 kV/cm, energy 
density decreases with temperature (Figure 4-6). Self-confinement appears to be more 
effective in enhancing energy density in compositions with lower Ti content. In PNZST 
43/5.0/2 at 75 °C, the self-confinement specimen exhibits an energy density of 1.30 
J/cm
3
, a 9.2% increase from 1.19 J/cm
3
 in the 1.0A specimen. Additionally, self-
confinement has little effect on capacitor efficiency as the hysteretic behavior remained 
virtually unchanged. 
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Figure 4-6: The impact of self-confinement on the energy density and capacitor 
efficiency at different temperatures. 
 
4.4 Modeling and discussion 
 The experimental results clearly demonstrate the impact of composition (y), 
temperature, and self-confinement on the performance of Pb0.99Nb0.02[(Zr0.57Sn0.43)1-
yTiy]0.98O3 antiferroelectric ceramics as dielectrics in energy storing capacitors. The 
energy density was maximized at 1.30 J/cm
3
 with y = 0.050 at 75 °C with a very high 
efficiency of 0.88 at a maximum electric field of 70 kV/cm.  
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Self-confining the ceramic disks did increase critical fields and energy densities 
as expected, but also notable was the increased abruptness of the phase transition. The 
increase in maximum polarization wasn’t shown to occur in previous mechanical 
confinement tests [27]. This likely results from a fringe effect where the material 
immediately surrounding the electrode in the self-confinement disk also underwent a 
phase transition under electric field. 
In order to more fully understand the mechanisms that give rise to the observed 
self-confinement effects, we developed a phase-field model to simulate the coevolution 
of polarization and stress. To differentiate between the ferroelectric and antiferroelectric 
phases and between dissimilar domains of polarization, we use the two-sub-lattice model 
[53,54], and introduce the ferroelectric polarization P  and the antiferroelectric 
polarization P  as the order parameters. Both polarizations evolve with time, and their 
rates of evolution are given by Zhang’s and Bhattacharya’s paper on modeling of 
ferroelectric domains [55]. 
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with 1  being the mobility,   being the electric potential, and the repeated indices 
indicating a summation. A spatial derivative is written as a comma followed by the 
directional indices, and a time derivative is denoted by an overdot.  
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In Eq. (1), U  is the domain-wall and phase-boundary energy density. Following the 
usual approach of phase-field models [55], we write it as a function of the spatial 
gradients of P  and P : 
 jijijiji PPPPU ,,,,
2


    (4-2) 
in which   measures the strength of the domain/phase interface energy. 
To model the electromechanical coupling, the Landau-Devonshire-type free energy 
density W  in Eq. (1) is assumed to be a function of strain and both polarizations [27]:  
      0020224422
2
6 ijijijijkkkk xxxxGxxPPPPCPBAPW 

 (4-3) 
where 
ii PPP 
2  , 
ii PPP 
2 ,   and G  are the Lamé constants, x  is the strain tensor, 
and 0x  is the inelastic strain caused by polarization and phase transformation 
  ijjijijiij PPPPPPPx  2000    (4-4) 
Here, 0P  is the antiferroelectric polarization of the reference state, in which strain is set 
to be 0, and A , B , C ,  ,  , and   are all material constants. 
Aside from the polarizations, both the electrostatic field and stress field are assumed to 
be in partial equilibrium, 
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iii
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     (4-5) 
where the stress tensor X  is given by 
ijij xWX  . 
Equations (1) and (5) constitute a nonlinear partial differential system, and could 
be integrated simultaneously for the unknown fields P , P ,  , and the displacement 
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upon proper specification of boundary conditions. Here, we use the commercial finite-
element software, COMSOL Multiphysics 4.2 to solve these equations. Comparing with 
experimental measurements [27], we determine the material parameters:
μCcmkV6.0A , μCcmkV2.1B , 354 μCcmkV105 C , 
247 μCcm108.3  , 247 μCcm101.7  , and 247 μCcm103.9  . In 
most phase-field models, the phase-boundary energy parameter   is determined by 
matching the interface thickness with experimental measurements or estimation. In this 
work, however, the actual interface thickness is too thin compared to the specimen size, 
and is computationally expensive to resolve. We therefore take small enough phase-
boundary energy, μCcmkV10 36 , which corresponds to an interface thickness of 
~100 µm. It only serves the purpose of separating dissimilar phases, and does not affect 
the calculation results. Similarly, to reduce the cost of time integration, we pick an 
artificial parameter sμCcmkV10 3  so that the polarization evolution is much faster 
than the loading processes, and the behavior of the material could be deemed quasi-
static. 
To better represent the specimen geometry, we use an axisymmetric model by 
taking a radial slice of the disk, measured 5 mm × 1 mm. For simplicity, an isotropic 
single-crystal model is used to mimic the behavior of polycrystalline materials. The 
initiation of phase transition is enabled by adding to the calculation domain some defects 
in the form of ferroelectric seeds, with material parameters μCcmkV8.0A , 
μCcmkV8.0B , 354 μCcmkV102.6 C . The overall volume fraction of the 
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defects is 1.5335%, and we intentionally distribute more defects (2.378%) to the outer 
rim of the disk because of lead-loss during high temperature processing (Figure 4-7(a)). 
This is in accordance with the fact that lead deficiency lowers the critical field EF in 
these compositions [22]. Conductive electrodes are considered through the given 
potential boundary conditions on the corresponding areas. Just as in the experiments, the 
electrodes covering 50% and 100% of the area of the flat major surface are calculated in 
two separate cases. 
A voltage is applied alternatingly with the magnitude of 6 kV, and the calculated 
response of the sample is shown in Figures 4-7 and 4-8. Figure 4-7 shows the stress 
distribution in the 0.5A self-confinement specimen at the peak voltage when the inner 
portion of the disk is ferroelectric and Figures 4-8 shows the nominal polarization-field 
curves of the sample under the two electrode configurations. As the phase transition of a 
single crystal is stochastic, in order to better represent the behavior of polycrystalline, 
both curves in Figure 4-8 are the averaged results of 10 cycles. The simulation results 
qualitatively agree with experimental observations: compared to the fully electroded 
sample, the partially electroded sample has a higher maximum polarization and a higher 
and steeper critical electric field for transition. 
By analyzing to the modeling details, the underlying mechanisms of these 
phenomena can be further revealed. Firstly, the greater maximum polarization in the 
self-confinement specimens is found to be the consequence of the electrostatic fringe 
effect. Due to the presence of the surrounding material, the volume of induced 
ferroelectric phase is actually larger than the material directly beneath the electrodes. As 
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shown by Figures 4-7(b) and (c), the interface between the two phases bulges out into 
the surrounding medium. In such a case, if we divide the total charge by the electrode 
area, the resulting nominal value of polarization is higher than that in the bulk. Secondly, 
the higher critical field is found to be due to a combined effect of the mechanical self-
confinement and the lower defect concentration in the center part of the disk. Due to the 
positive transition strain and the confinement from the surrounding untransformed 
material, the material under the electrode is under a bi-axial compression of 
approximately 30 MPa at the peak field loading, as demonstrated in Figures 4-7(b) and 
(c). It has been shown previously that such a biaxial compressive stress could lead to a 
slight increase in the critical field of phase transition [27]. However, the stress from the 
self-confinement could not explain the steeper transition curve of the partially electroded 
disk. Our calculations show that such an effect is a result of more defects in the outer 
region of the disk. 
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Figure 4-7: (a) Schematic of the axisymmetric computational model and the distribution 
of the ferroelectric defects.  The axis of symmetry is located at the left boundary. The 
electrodes shown are for the 50% coverage case. (b) Radial-stress and (c) hoop-stress 
distribution under the peak electric field. 
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Figure 4-8: Polarization vs. electric field hysteresis modeling results of a fully electroded 
sample (1.0A) and a partially electroded sample (0.5A). 
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4.5 Conclusions 
 The impact of electrode coverage on the energy density of antiferroelectric 
capacitors is investigated at a series of temperatures in a series of compositions. Due to 
the volume expansion associated with the phase transition, such a self-exerted 
mechanical confinement shifts the critical electric fields of the transitions to higher 
values and moderately increased the energy storage density. Phase field modeling 
reveals that, in addition to the self-confinement, material defects also contribute to these 
enhancements. 
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CHAPTER 5: FUTURE RESEARCH 
 
 The background presented in this thesis is just the tip of the iceberg when it 
comes to electroceramics, and the many books and review papers cited in this thesis are 
highly recommended for becoming more acquainted with the subject. The research 
results presented in Chapters 3 and 4 are part of a larger research project. A brief 
description of the additional related research to be performed is provided in the 
following paragraphs. 
 The pressure dependence of the transition from antiferroelectric to ferroelectric 
phases in PNZST 43/100y/2 results in stabilization of the ferroelectric phase under 
tensile stress. Tensile stress is high at the tip of a propagating crack, and if the 
antiferroelectric phase is close in free energy to the ferroelectric phase due to 
composition and/or electric field, the ferroelectric phase may nucleate near the crack tip 
[56], relieving stress and halting crack propagation. This effect is called phase transition 
induced toughening, and several measurements have been performed in order to reveal 
that this phenomenon does indeed occur in some PNZST 43/y/2 compositions. This 
toughening effect would be highly valuable in antiferroelectric capacitors that may 
undergo hundreds of thousands of cycles throughout a lifetime. 
Large 23x22 mm compact tension specimens of five compositions are to be 
fabricated and tested for crack propagation by colleagues at the Technische Universität 
Darmstadt in Hessen, Germany. A Vickers microhardness indentation technique will 
also been used to measure toughness in reversible antiferroelectric, an irreversible 
antiferroelectric, and a ferroelectric (according to polarization verses electric field 
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measurements) ceramics. Lastly, micro-Raman spectroscopy is to be utilized to map the 
phase transition zone at a crack tip. 
Preliminary results show only ferroelastic toughening for reversible 
antiferroelectric compositions (        MPa m
1/2
), phase transition induced 
toughening in irreversible antiferroelectric compositions (        MPa m
1/2
), and no 
toughening effects in ferroelectric PNZST (        MPa m
1/2
). Additionally, a definite 
shift towards the ferroelectric Raman spectrum has been mapped surrounding the crack 
tip of a Vickers indentation in an irreversible antiferroelectric composition, verifying the 
phase transition toughening effect.  
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